The deposits of Eocene Lake Gosiute that constitute the Green River Formation of Wyoming contain numerous tuff beds that represent isochronous, correlatable stratigraphic markers. Tuff beds selected for 40 Ar/ 39 Ar analysis occur within laminated mudstone, are matrix supported, and lack evidence of reworking. These tuffs contain 2%-15% euhedral phenocrysts of quartz, plagioclase, sanidine, biotite, and minor amphibole, pyroxene, and zircon, encased in a matrix of altered glassy ash. Air abrasion and handpicking under refractiveindex oils were required to obtain clean, unaltered phenocrysts of sanidine. 
INTRODUCTION
Lake deposits are commonly exploited for the long-lived and relatively continuous records they provide of Earth's surface processes. Much of this work has focused on past climates because of the sensitivity of lakes to climate change and because of the potential for their deposits to preserve terrestrial proxy records of paleoclimate. Climatic forcing of sedimentation has been inferred to operate on a variety of time scales, ranging from annual to orbital (e.g., Bradley, 1929; Van Houten, 1962; Olsen, 1986; Fischer and Roberts, 1991) . Many of these studies link sedimentary facies successions to interpreted variations in climatic humidity, on the basis of the expectation that wetter conditions should produce larger lakes. The translation of sedimentthickness patterns into time therefore represents a crucial step in elucidating past rates of climate change.
Owing to their common occurrence within orogenic plateaus, tectonically formed lake basins are also well suited to deciphering regional interactions between climate and rising orogenic topography. Numerous studies have shown that lacustrine sedimentation represents a complex geomorphic response to regional tectonic, paleoclimatic, and, in some cases, magmatic influences (e.g., Surdam and Stanley, 1980; Sullivan, 1985; Carroll and Bohacs, 1999) . Understanding the rates and timing of sediment accumulation in such basins is essential to deciphering the tectonic vs. climatic influences on lake evolution. In addition, lacustrine and associated alluvial strata also contain some the most complete archives of the rates of biological evolution on the continents (e.g., Krishtalka et al., 1987; Lucas, 1998; Alroy et al., 2000) .
The Green River Formation of Wyoming, Utah, and Colorado ( Fig. 1) is one of the bestknown and most diverse lacustrine systems in the world (e.g., Bradley, 1929; Eugster and Hardie, 1975; Roehler, 1993) . As such, it represents an ideal body of lacustrine strata in which to develop a high-resolution geochronology. We have obtained laser-fusion 40 Ar/ 39 Ar ages from seven tuff beds in the Green River Formation. These ages set limits on rates of sediment accumulation, periodicities of micro-to mesoscale depositional cyclicity, the timing of faunal changes, and the magnetostratigraphy of the Green River Formation. Moreover, by tying the Green River Formation to the geomagnetic polarity time scale (GPTS; Kent, 1992, 1995; Berggren et al., 1995) , the new 40 Ar/ 39 Ar ages allow for correlation to other Laramide basins, to Eocene volcanism in western North America, and to the global marine O isotope record.
THE GREEN RIVER FORMATION
The Green River Formation consists of Eocene lacustrine strata deposited in the Greater Green River Basin (ϭ Green River, Great Divide, Washakie, and Sand Wash Basins), Fossil, Uinta, and Piceance Creek Basins (Fig. 1) . The formation comprises a broad range of sedimentary facies that were deposited in fresh water through hypersaline lake environments (Bradley, 1964; Eugster and Hardie, 1975; Smoot, 1983; Surdam and Stanley, 1979; Roehler, 1993) . Carroll and Bohacs (1999) subdivided these deposits into fluvio-lacustrine, fluctuating profundal, and evaporative facies associations on the basis of interpretation of sedimentary facies, stratigraphic packaging, fossil occurrence, and organic geochemistry (see also Bohacs et al., 2000; Carroll and Bohacs, 2001 ). The Green River Formation interfingers with time-equivalent alluvial facies of the Wasatch Formation. In the Greater Green River Basin, the Green River Formation is bounded at its base by the main body of the Wasatch Formation and is overlain by the Bridger and Washakie Formations ( Fig. 2 ; Roehler, 1992a Roehler, , 1992b McCarroll et al., 1996; Evanoff et al., 1998) . Lacustrine facies are divided into four major members: the Luman Tongue and Tipton, Wilkins Peak, and Laney Members ( Fig. 2 ; Roehler, 1992b) . These units document the geographic and chemical evolution of Lake Gosiute from freshwater (Luman, Scheggs Bed-Tipton), to saline lake (Rife Bed-Tipton), to hypersaline playa-lake (Wilkins Peak), then back to saline (LaClede Bed-Laney) and eventually freshwater lake (Hart Cabin-Laney) (Fig. 2; Roehler, 1993; Carroll and Bohacs, 1999; Rhodes et al., 2002) .
The Green River Formation and timeequivalent alluvial strata in the Greater Green River Basin contain one of the most complete faunal records of the late Wasatchian through early Bridgerian NALMA (North American land mammal age) period (e.g., Krishtalka et al., 1987; Zonneveld et al., 2000) . This transition is marked by the first appearances of several primate and perissodactyl (e.g., horses and rhinoceroses) taxa, high North American mammalian diversity, and greenhouse faunas and contains 1 of 18 major turnovers in the North American Cenozoic mammalian record (Stucky, 1990; Alroy, 1999; Zonneveld et al., 2000) . NALMA biostratigraphy has been for many years the principal tool for inter-and intrabasinal correlation in western North America (e.g., Wood et al., 1941; Krishtalka et al., 1987; Lucas, 1998) and can be roughly correlated with Eocene faunas in Europe and Asia (Lucas, 1998) . Consequently, improvements in geochronology have the potential to set limits on the rates and paleogeographic patterns of Cenozoic faunal radiation and extinction in both a regional and global context. Until now, the timing of the WasatchianBridgerian period has been poorly determined owing to limited and imprecise radioisotopic age control ( Fig. 3 ; Evernden et al., 1964; Mauger, 1977; O'Neill, 1980) . This study provides the first laser-fusion 40 Ar/ 39 Ar radioisotopic ages for this period and allows for accurate temporal comparison of lake type and faunal changes with the global marine record of the early Eocene.
PREVIOUS GEOCHRONOLOGIC STUDIES
It has been recognized at least since 1970 that the many silicic tephra layers within the Green River Formation might facilitate a precise radioisotopic chronology for the accumulation of the sedimentary deposits. The pioneering work of Mauger (1977) undertook K-Ar dating of biotite separated from tuff beds in the Greater Green River and Uinta Basins. The K-Ar ages discussed here have been converted by using the decay constants of following Dalrymple (1979) . Mauger's (1977) K-Ar ages between 50.9 Ϯ 2.3 Ma and 46.4 Ϯ 1.9 Ma provided the first radioisotopic constraints on the timing of the upper Green River Formation in the Greater 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING Green River and Uinta Basins (Fig. 3) . However, the need for large bulk samples (ϳ400 mg) severely limited the resolution of this study because of the inability to resolve potential alteration effects or the incorporation of detrital or xenocrystic components.
The only previous 40 Ar/ 39 Ar investigation of Green River Formation tuff beds was by O'Neill (1980) , who performed incrementalheating experiments on biotite from tuff beds in the Greater Green River and Uinta Basins. O'Neill's (1980) five-to eight-step experiments also utilized large bulk samples of ϳ400 mg. Individual plateau ages for the Sand Butte, Sixth, Main, and Wavy tuffs ranged from 50.1 Ϯ 2.2 Ma to 45.5 Ϯ 2.2 Ma, with mean ages from replicate experiments of 49.8 Ϯ 0.8 Ma and 46.6 Ϯ 1.0 Ma for the Main and Wavy tuffs, respectively (Fig. 3) . The neutron fluence monitor mineral used in these experiments was an 811 Ma biotite (OSU DY-8c-71) provisionally calibrated to a 519.5 Ma age for the MMhb standard (Snee and Sutter, 1982) , making it difficult to compare O'Neill's (1980) results with data obtained by using modern intercalibrated standards (e.g., . Moreover, the large 2 uncertainties of Ͼ1 m.y. for the plateau ages represented little improvement upon Mauger's (1977) results. Recent single-crystal laser-fusion 40 Ar/ 39 Ar dating has defined the timing of deposition of Bridger Formation strata (Evanoff et al., 1998) that overlie the Green River Formation in the western Greater Green River Basin (Figs. 2  and 3 ). For the purposes of intercomparison, all 40 Ar/ 39 Ar ages in this paper (unless otherwise noted) are reported (or recalculated) relative to the standard ages of , including intercalibration uncertainties, at the 2 precision level. Murphey et al. (1999) reported 40 Prothero (1996b) reported an 40 Ar/ 39 Ar age of 47.56 Ϯ 0.14 Ma for Henry's Fork tuff, which, though indistinguishable from the age reported by Murphey et al. (1999) , is much more precise. These age determinations confirm existing bio-and magnetostratigraphy (Flynn, 1986; Prothero and Swisher, 1992; McCarroll et al., 1996; Prothero, 1996a) and help to define the upper age limit of the Green River Formation (Figs. 2 and 3 ). They also temporally quantify the distal record of Eocene alkali-calcic silicic volcanism in western North America (Fig. 1) and provide a detailed picture of post-Green River Formation basin development that is complementary to our results (Fig. 3) .
GEOLOGIC SETTING OF TUFF BEDS
Lacustrine facies of the Green River Formation are interbedded with numerous individual water-laid tuff horizons that range from 1 mm to several meters thick; thinner beds greatly outnumber thicker beds. The tuff beds represent widespread isochronous markers and have been extensively used for stratigraphic correlation (e.g., Culbertson, 1961; Bradley, 1964; Smoot, 1983; Roehler, 1992b) . Generally light gray to orange in outcrop, tuff beds are fine grained and typically contain Ͻ20% phenocrysts of quartz, biotite, sanidine, and plagioclase and minor hornblende, pyroxene, and zircon (Table 1 ). The percentage of crystalline to matrix material within any specific tuff horizon is independent of its thickness. Many of the beds possess angular, matrixsupported phenocrysts that exhibit a gradation to smaller, less abundant crystals from the base upward (Fig. 4) . Because these tuff beds are generally found interbedded with profundal mudstone (Fig. 4, Table 1 ), we interpret them to be primary ash-fall deposits. Reworked tuff beds have similar compositions but also contain lithic fragments and carbonaceous material and are characterized by sorting and cross-stratification indicative of subaqueous, tractive reworking (cf. Königer and Stollhofen, 2001) . Reworked beds are typically found in association with coarsergrained facies indicative of higher-energy sedimentary environments and were avoided in this study.
Most of the original glassy matrix of the tuff beds was altered by saline and alkaline lake water. Studies of alteration in modern and ancient saline and alkaline lake deposits show that volcanic glass is initially converted to zeolites such as clinoptilolite and mordenite before being altered to analcime (Hay, 1966; Goodwin and Surdam, 1967; Sheppard and Gude, 1969) . Analcime is then converted to K-feldspar under ultrasaline conditions when the Na ϩ /K ϩ activity ratio is sufficiently low (Hay, 1966; Goodwin, 1973; Desborough, 1975) . Our observations confirm Surdam and Parker's (1972) conclusion that tuff beds deposited during the most saline and alkaline phase of Lake Gosiute generally exhibit Kfeldspar alteration, whereas those in less saline facies contain only zeolite and analcime alteration. Additionally, in Green River Formation tuff beds we recognized the significant lateral alteration variations described by previous workers (Hay, 1966; Iijima and Hay, 1968; Ratterman and Surdam, 1981; Buchheim and Eugster, 1998) . In particular, basin-center deposits typically exhibit more alteration, sug- gesting that they were exposed to increasingly saline and alkaline fluids as the lake shrank.
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Tuff beds selected for this study are from locations exhibiting the least degree of alteration we observed. Sanidine and biotite crystals 75-500 (m in diameter were separated from seven tuffs by using a combination of crushing, acid leaching, heavy-liquid separation, and air abrasion (Fig. 5; Krogh, 1982) . Sanidine crystals (ϳ0.001 mg each) were handpicked under refractive-index oils, then cleaned ultrasonically in cold 10% HF for 10 min, rinsed in deionized water, and packaged for irradiation. Euhedral, optically fresh, 250-500 m diameter biotite crystals were separated prior to acid leaching and handpicked for irradiation.
These crystals were loaded into 1.6 cm diameter aluminum discs together with flux monitors and irradiated for either 75 (UW-06) or 50 (UW-11) h at the Oregon State University Triga reactor where they received fast-neutron doses of ϳ7. , which is intercalibrated to 28.02 Ϯ 0.28 Ma for the sanidine from the Fish Canyon Tuff (FCs) and 523.1 Ϯ 4.6 Ma for hornblende from the McClure Mountain syenite (MMhb; . We recognize that the age of the GA-1550 primary standard remains controversial (e.g., Lanphere and Baadsgaard, 2001) , to some extent owing to uncertainties in the 40 K decay constant (Min et al., 2000; Schmitz and Bowring, 2001) . The decision to use the values just given is based, in part, on improved agreement between 40 Ar/ 39 Ar and astronomical ages for the last several reversals of the geomagnetic field (Renne et al., 1994) and on a U-Pb monazite intercalibration of FCs at 27.98 Ϯ 0.15 Ma (Villeneuve et al., 2000) . As an internal check on accuracy, we made several laser-fusion measurements of GA-1550 biotite, FCs, MMhb, and U.S. Geological Survey standard biotite SB-3, with results listed in Table DR1 . 1 Methods used in the extraction and analysis of argon follow Singer and Brown (2002) . Mass discrimination was monitored by using an on-line air pipette and varied between 1.0025 Ϯ 0.0010 and 1.0035 Ϯ 0.0010 per amu during the 15-month analytical period. Inverse-variance weighted-mean ages and standard deviations were calculated according to Taylor (1982) by using the ArArCALC software of Koppers (2002) . Where mean squared weighted deviation (MSWD) values were Ͼ1, the uncertainties were multiplied by the square root of the MSWD. Precision estimates for monitor positions, based on 14-54 isotopic measurements of standard grains surrounding sample positions, reveal a gradient of up to 0.5% per cm in neutron fluence across the discs. By using an inverse-distanceweighted spatial-interpolation algorithm, the uncertainty in J was estimated at between 0.12% and 0.24%, which was propagated into the final weighted-mean ages for each sample ( Fig. DR1 [see text footnote 1]). To test for excess argon, isochrons were regressed by using the method of York (1969) . Ages were calculated with the decay constants of and are reported with Ϯ2 uncertainties.
Uncertainties are reported in three ways: first, as internal analytical uncertainties reflecting only precision on peak signals, system blanks, mass discrimination, and neutron fluence; second, as analytical and intercalibration uncertainties that relate secondary standards Ar standards performed at the UW-Madison, a diagram illustrating the distribution of measured neutron fluence (J) across the irradiation discs, a table containing the full 40 Ar/ 39 Ar data set, and a table giving the recalibrated magnetic chron boundaries, is available on the Web at http://www.geosociety.org/pubs/ft2003. htm. Requests may be sent also to editing@ geosociety.org. 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING with the GA-1550 primary standard; and third, as fully propagated uncertainties that incorporate analytical and intercalibration uncertainty in addition to uncertainty associated with isotope-dilution K-Ar measurements of the primary standard and rather large, but underappreciated uncertainty in the 40 K decay constants (Table 2 ; Karner and Renne, 1998; Schmitz and Bowring, 2001) . Internal analytical uncertainties are appropriate when assessing age differences among samples that reference the same standard, whereas intercalibration uncertainties permit direct comparisons with ages or time scales calculated relative to other 40 Ar/ 39 Ar standard ages. Direct comparison of our 40 Ar/ 39 Ar ages to UPb ages (e.g., Schmitz and Bowring, 2001) and other independent isotopic chronometers necessitates the use of fully propagated uncertainties.
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Ages for the Green River Formation were determined on the basis of 207 single and multicrystal laser-fusion 40 Ar/ 39 Ar experiments on phenocrysts from seven tuff beds ( Fig. 6 ; Table 2 ; complete analytical data in Table  DR2 [see text footnote 1]). Samples sites laterally span a total of 90 km and 410 m of vertical stratigraphy in the Greater Green River Basin (Figs. 1 and 2; Table 2 ). Fusions of 1-10 crystals each were performed in order to obtain adequate signal sizes from grains commonly smaller than 1 g. In some instances, analyses of one-to three-grain aliquots of biotite gave ages that skew the cumulative probability diagram toward older ages. Because of their euhedral shape and position at the base of apparently unreworked ash-fall beds, a detrital origin for these biotite crystals is unlikely. Instead, we interpret these outliers to result from the inclusion of xenocrystic biotite arising from either the incorporation of older grains from the preeruptive volcanic edifice or from the incomplete degassing of crystals derived from basement rocks fragmented during eruption. As a result, biotite analyses have been excluded from isochron and weightedmean calculations when their inclusion results in MSWD values Ͼ1 (Deino and Potts, 1990; Ton-That et al., 2001) . A lack of excess argon is suggested by isochron analyses; however, the spread of data points along many of the isochrons is limited owing to high contents of radiogenic argon, generally Ͼ80%-90% (Fig.  6) . Thus, we take the weighted-mean apparent ages as our most precise estimates of time elapsed since eruption and deposition of these tuff beds. Because our emphasis is initially on determining the duration of lacustrine deposition in the Greater Green River Basin, weighted-mean apparent ages and isochrons are discussed in the following sections with 2 analytical uncertainties that are appropriate for intercomparison of each dated tuff.
Rife Tuff
The Rife tuff (sample BT-18) was collected from the Rife Bed of the Tipton Member at the Boar's Tusk section of Pietras et al. (2003) , ϳ45 km north of Rock Springs, Wyoming (Table 1) . It is located within the Rife Bed of the Tipton Member, 2 m below the contact with the Wilkins Peak Member. Because the Rife Bed is much thinner (only 4 m) at the Boar's Tusk section as compared with other more basinward measured sections, it is difficult to be precise about the stratigraphic position of the Rife tuff. However, the Rife tuff was chosen for dating because it contains abundant coarse-grained biotite, whereas other tuffs collected from the Tipton Member have as yet failed to produce datable phenocrysts.
Twenty-four experiments on three-grain aliquots of biotite allowed the identification and exclusion of outliers from the population. The cumulative probability plot (Fig. 6A ) for the Rife tuff shows a bimodal age distribution. Although both populations (ca. 51.25 and ca. 53.0 Ma) fit the stratigraphic order of ages of other tuffs (Fig. 6) , we prefer the minimum age as the best estimate of time elapsed since deposition of the Rife bed. Because the tuff is interbedded with laminated calcareous mudstones and shows no indications of reworking, a xenocrystic and not detrital interpretation for the older population is favored. Because each fusion incorporated three grains, we suggest that the older apparent ages represent mixing of one or more xenocrystic grains with juvenile biotite grains. Thus, the actual age of the xenocrystic material likely exceeds the older peak of probability density shown in Figure  6A . When these outliers are omitted from the isochron and weighted-mean calculations, 13 of a total of 24 fusions define an isochron of 51.41 Ϯ 0.68 Ma with an atmospheric 40 Ar/
36
Ar intercept of 292.6 Ϯ 11.4. These 13 biotite analyses yielded a weighted-mean age of Figure 6 . Cumulative probability and inverse isochron diagrams illustrating 40 Ar/ 39 Ar experimental results. Analyses excluded from age calculations shown as open symbols. In all cases the weighted-mean age is the preferred depositional age. Gray shading indicates 2 envelope of uncertainty for each sample. Note that the tuff samples are arranged in stratigraphic order and that the determined ages are consistent with this order. MSWDmean square of weighted deviates. 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING Note: Wavelength-dispersive measurements were made with a Cameca SX51 electron microprobe using a 10 nA, 15 keV, 5 m defocused beam, with 10 s peak and 10 s background counting times, and natural and synthetic mineral standards. Compilation includes 465 individual electron-microprobe analyses. Abbreviations: n-number of analyses, BDL-below detection limit.
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.25 Ϯ 0.31 Ma (MSWD ϭ 0.63) (Fig. 6A , Table 2 ).
Firehole Tuff
The Firehole tuff (sample FC-2), or First tuff (Culbertson, 1961) was collected from the lower part of the Wilkins Peak Member of the Green River Formation at Firehole Canyon (Table 1) . It is stratigraphically ϳ60 m above the base of the Wilkins Peak Member (bed 264, Plate 1 of Roehler, 1992a) and contains chemically homogeneous, unaltered Or 69 sanidine and An 39 andesine phenocrysts (Table 3) . Six single-crystal laser fusions taken together with eight multicrystal measurements of sanidine form a well-defined Gaussian peak in a cumulative probability diagram without evidence of xenocrystic contamination (Fig. 6B) . Collectively, these analyses define an isochron of 50.70 Ϯ 0.15 Ma with an 40 Ar/ 36 Ar intercept of 295.5 Ϯ 1.7, consistent with an atmospheric trapped component. The weighted mean of these analyses yields a preferred age of 50.70 Ϯ 0.14 Ma (MSWD ϭ 0.97) for the Firehole tuff (Fig. 6B) .
C Bed Tuff
The C Bed tuff (sample FC-3) was collected ϳ5 m below the base of the ''C'' sandstonemudstone unit (ϳbed 302, Plate 1 of Roehler, 1992a ; base of BC6 oil shale of Culbertson, 1998) from the lower Wilkins Peak Member at Firehole Canyon, Wyoming (Table 1) . Chemically homogeneous, unaltered Or 91 sanidine and An 29 andesine phenocrysts (Table 3) are encased within a matrix of authigenic Kfeldspar and analcime, necessitating the use of air abrasion to eliminate overgrowths.
Because multigrain fusions of sanidine crystals separated from the C Bed tuff were indicative of xenocrystic or detrital contamination, 40 Ar/ 39 Ar experiments were undertaken on three-grain aliquots of biotite crystals. Twenty experiments allowed the identification and exclusion of outliers from the population. The cumulative probability plot (Fig. 6C) for the C Bed tuff is skewed toward older ages that are interpreted to be xenocrystic in origin and were omitted from weighted-mean and isochron calculations as already described. Fifteen of a total of 20 three-crystal fusions define an isochron of 50.35 Ϯ 0.45 Ma with an atmospheric 40 Ar/ 36 Ar intercept of 299.8 Ϯ 7.5 and a preferred weighted-mean age of 50.56 Ϯ 0.26 Ma (MSWD ϭ 0.55) (Fig. 6C , Table 2 ).
Grey Tuff
The Grey tuff sample WN-1 was collected from the middle of the Wilkins Peak Member at a section 5 km north of Rock Springs, Wyoming (Figs. 1, 2 , and 4A; Tables 1 and 2) , and is stratigraphically ϳ9 m above the ''D'' sandstone-mudstone unit (ϳbed 321, Plate 1 of Roehler, 1992a ; base of DE2 oil shale of Culbertson, 1998) . Unaltered, euhedral, Or 75 sanidine phenocryst cores with magmatic Ba zonation and andesine An 27 phenocrysts are encased in Or 99 K-feldspar resulting from the alteration of the original glassy ash matrix (Fig. 5B, Table 3 ). Plagioclase and sanidine compositions form a near-equilibrium tie line on a ternary-feldspar diagram, suggesting the coexistence of these phases in the preeruptive magma. Backscattered-electron images illustrate the effectiveness of the air-abrasion technique at removing the K-feldspar overgrowths from phenocryst cores (Fig. 5C) .
Eighteen multigrain aliquots form a single, well-defined Gaussian peak in a cumulative probability plot (Fig. 6D) . The 50.55 Ϯ 0.21 Ma isochron defined by these experiments has an 40 Ar/
36
Ar intercept of 285.7 Ϯ 11.3. The weighted mean of the 18 analyses is 50.39 Ϯ 0.13 Ma (MSWD ϭ 0.67) and gives the preferred age for the Grey tuff (Fig. 6D , Table  2 ).
Main Tuff
Sample TR-1 was collected from the upper part of the Wilkins Peak Member at Toll Gate Rock ( Figs. 1 and 2 ; Tables 1 and 2 ). The Main or Third tuff of Culbertson (1961) is the lowermost of three Ͼ10-cm-thick tuff beds and numerous smaller tuff beds in an 8-mthick span 6-14 m below the ''I'' sandstonemudstone unit (bed 392, Plate 1 of Roehler, 1992a) . Phenocrysts separated from the lowermost unit are chemically homogeneous, unaltered Or 76 sanidine and presumably altered Ab 100 albite crystals (Fig. 5A, Table 3 ). As the glassy ash matrix of the Main tuff has been altered to fine-grained analcime, we speculate that the albitization of plagioclase phenocrysts reflects authigenic processes.
Sanidine from the lowermost unit of the Main tuff yielded 30 (of 31) multigrain fusions that define an isochron of 49.98 Ϯ 0.09 Ma with an 40 Ar/ 36 Ar intercept of 293.4 Ϯ 6.4. One analysis that was excluded from the isochron and weighted-mean calculations gave an apparent age of 54.87 Ϯ 1.18 Ma, indicating probable xenocrystic contamination. The 30 included analyses form a well-defined Gaussian distribution in a cumulative probability plot (Fig. 6F) . The weighted mean of these measurements, 49.96 Ϯ 0.08 Ma (MSWD ϭ 0.78), is the preferred age for this tuff bed (Fig. 6F, Table 2 ). SMITH et al. 40 Ar/ 39 Ar experiments were also undertaken on biotite crystals from the lowermost unit of the Main tuff. Thirty-one experiments allowed the identification and exclusion of outliers from the population as already described. The cumulative probability plot (Fig. 6E) for the Main tuff is skewed toward older ages, which are interpreted to be xenocrystic in origin, and were omitted from weighted-mean and isochron calculations as already described. Fifteen of a total of 31 three-crystal fusions define an isochron of 50.00 Ϯ 0.20 Ma with an atmospheric 40 Ar/
36
Ar intercept of 296.1 Ϯ 8.1. Biotite analyses yielded a weighted-mean age of 50.01 Ϯ 0.15 Ma (MSWD ϭ 0.99), which is virtually identical to the more precise sanidine age of 49.96 Ϯ 0.08 Ma (Fig. 6F , Table 2 ) for the Main tuff.
Sixth Tuff
Sample TR-5 was collected from the transitional interval between the Wilkins Peak and Laney Members at Toll Gate Rock ϳ1 km west of Green River, Wyoming (Figs. 1 and 2; Tables 1 and 2 ). The Sixth tuff of Culbertson (1961) is located ϳ32 m above the ''I'' sandstone-mudstone unit (bed 423, Plate 1 of Roehler, 1992a) . Microprobe analyses of phenocrysts reveal chemically homogeneous, unaltered Or 84 sanidine phenocrysts and presumably altered Ab 100 albite crystals (Table 3) . Similar authigenic albitization of plagioclase was documented by Surdam and Parker (1972) to be associated with analcime and Kfeldspar alteration in Green River Formation tuff beds.
Sanidine from the Sixth tuff proved to be heterogeneous in age, which limited the number of grains that could be grouped with confidence to define the juvenile eruptive age. Only 8 of 25 multigrain analyses, each comprising three crystals, gave stratigraphically reasonable ages and yielded an imprecise weighted-mean age of 49.79 Ϯ 1.04 Ma (Table 2). 40 Ar/ 39 Ar experiments were also performed on euhedral biotite crystals separated from the basal 1 cm of the Sixth tuff. Twenty-six experiments allowed the identification and exclusion of outliers from the population. The cumulative probability plot (Fig. 6G) for the Sixth tuff is skewed toward older ages, which are interpreted to be xenocrystic in origin, and were omitted from the weighted-mean and isochron calculations as already described. Twenty-one of a total of 26 three-crystal fusions define an isochron of 49.72 Ϯ 0.14 Ma with an atmospheric 40 Ar/ 36 Ar intercept of 294.1 Ϯ 9.7. Biotite analyses yielded a preferred weighted-mean age of 49.70 Ϯ 0.10 Ma (MSWD ϭ 0.73) (Fig. 6G, Table 2 ).
Analcite Tuff
Sample SB-1 is from the upper part of the LaClede Bed of the Laney Member on the northwest face of Sand Butte, eastern Greater Green River Basin (Fig. 1, Table 2 ). The Analcite tuff occurs 7 m above the Buff Marker Bed (bed 433, Plate 2 of Roehler, 1992a) and is correlative across the eastern Greater Green River Basin (Ratterman and Surdam, 1981) . Microprobe transects of sanidine grains reveal homogeneous Or 45 compositions and show no evidence for chemical alteration (Table 3) .
Sanidine crystals from the Analcite tuff are highly radiogenic; their mean 40 Ar* values of 97.8% limit the spread along the isochron, which is 49.00 Ϯ 0.31 Ma. The 31 multigrain analyses define a Gaussian peak on a cumulative probability plot (Fig. 6H ) and show no evidence for xenocrystic contamination. Taken together, these 31 analyses yield a weightedmean age of 48.94 Ϯ 0.12 Ma (MSWD ϭ 0.78) (Fig. 6H, Table 2 ).
Summary of Analytical Data
The weighted-mean ages determined from the seven tuff beds are between 51.25 Ϯ 0.31 and 48.94 Ϯ 0.12 Ma and are consistent with their stratigraphic positions (Figs. 2 and 6 ). We therefore interpret these ages to represent the depositional ages of the sediments in which they occur. The K-Ar and 40 Ar/ 39 Ar ages of Mauger (1977) and O'Neill (1980) for the end of Green River Formation sedimentation are 3-4 m.y. younger than those presented here (Fig. 3) , suggesting that some biotite grains that had undergone 40 Ar loss due to diagenetic alteration may have been incorporated into their analyses. We avoided this problem by analyzing aliquots of handpicked euhedral biotite crystals that were ϳ100,000 times smaller than those analyzed by Mauger (1977) or O'Neill (1980) . The ages for the Analcite, Sixth, Main, Grey, Firehole, and Rife tuffs were the most precise, with internal 2 uncertainties of Ϯ80-140 k.y. Xenocrystic or detrital contamination was clearly identified in experiments on biotite from the Sixth, Main, C Bed, and Rife tuffs, and these analyses were excluded from the age calculations for these beds. None of the mineral separates analyzed showed definitive evidence of excess argon (Fig. 6) .
Despite evidence from other Tertiary ashflow tuffs that biotite gives older ages than sanidine (e.g., Lipman, 2000) , we are encouraged by the fact that biotite analyses for the Main tuff yielded an age that is indistinguishable from its sanidine age when potential xenocrystic or detrital contamination was removed from the calculation (Fig. 6, C and D) . Moreover, biotite ages for the Sixth, C Bed, and Rife tuffs are in agreement with their stratigraphic position relative to the other ages.
DISCUSSION
Accumulation Rates of the Green River Formation
Previous estimates of Green River Formation accumulation rates were based on measuring the thicknesses of laminae Ͻ1 mm thick in organic-rich calcimicrites (oil shales), under the assumption that these laminae represent varves (Bradley, 1929; Crowley et al., 1986; Ripepe et al., 1991) . Ripepe et al. (1991) reported the average lamination thickness in the Tipton and Laney Members to be 96 m and 107 m, respectively. However, using laminae thickness to estimate accumulation rates is problematic (cf. Dott, 1983) , especially because evidence for depositional hiatuses and periods of erosion occurs throughout the Green River Formation (Smoot, 1983; Surdam and Stanley, 1979; Roehler, 1993; Bohacs et al., 2000) . In addition, much of the formation, particularly the evaporative Wilkins Peak Member, is composed of nonlaminated facies for which varve counting cannot be applied to estimate accumulation rate.
Our 40 Ar/ 39 Ar results permit the first direct measurement of accumulation rates in the Green River Formation that do not rely on lamina counts. For a reference section near the southern Green River Basin depocenter (Roehler, 1992a , Plate 1), we calculate accumulation rates of 88 Ϯ 34 and 104 Ϯ 18 m/ yr for the Tipton and Laney Members, respectively. These rates are consistent with an annual origin for the laminae, as previously proposed (Fig. 7; Bradley, 1929; Crowley et al., 1986; Ripepe et al., 1991) . However, because of the evidence for depositional hiatuses throughout the Tipton and Laney Members, our data cannot completely exclude faster true rates for sediment accumulation. Depending on how much time is ''missing'' from the stratigraphic record, the laminae might in actuality be seasonal rather than annual, and the individual lake cycles might be shorter than calculated.
A very different accumulation rate story emerges from the Wilkins Peak Member. For 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING the same southern Green River Basin reference section (Roehler, 1992a , Plate 1), we calculate a net average rate of 327 Ϯ 85 m/yr, or approximately three times as fast as for the Tipton or Laney Members. A part of this difference might be attributable to differing amounts of compaction, as the Wilkins Peak Member contains a lower proportion of profundal lake facies compared to the Tipton and Laney Members (Bradley, 1964; Eugster and Hardie, 1975; Surdam and Stanley, 1979; Smoot, 1983; Roehler, 1993) . Reed and Oertel (1978) used the degree of preferred orientation of clay particles to estimate compaction in the Tipton and Wilkins Peak Members and concluded that thinly laminated, organic-rich micrite had undergone up to twice as much compaction as massive micrite. However, the actual difference in gross interval compaction of these units should be less, because each unit contains both lithologies. Furthermore, lacunae appear to occur most frequently in the Wilkins Peak Member (Smoot, 1983; Roehler, 1993; Bohacs et al., 2000) , suggesting that the calculated accumulation rate more seriously underestimates the true accumulation rates of the Wilkins Peak than is the case for the Tipton or Laney Members.
Our observation of faster accumulation rates in evaporative facies may seem counterintuitive, but it is in accord with U-series disequilibrium dating results from Quaternary playa-lake evaporites. Ku et al. (1998) found that accumulation rates in a core from Death Valley were much higher for salt-pan evaporite facies than for lake mud, and Bobst et al. (2001) noted that accumulation rates during dry phases of the Salar de Atacama were up to three times as high as during wet periods. Net accumulation rates in these cases range between ϳ0.5 and 1.8 mm/yr, which is up to five to six times faster than deposition of the Wilkins Peak Member. However, higher rates of Wilkins Peak Member evaporite accumulation may have occurred at its subsurface depocenter (to the west of the reference section). Our observation of faster rates in lakemarginal facies supports that of Buchheim (1994) , who noted that rates of carbonate precipitation in the adjacent Fossil Basin were faster near the lake shore than at its center. In contrast, studies of clastic-sedimentdominated lake systems have documented basin-center rates that are much faster than rates on the basin margin (e.g., Ensley and Verosub, 1982; Elston et al., 1994) , presumably reflecting sediment bypass.
A tectonically derived increase in potential accommodation during deposition of the middle part of the Wilkins Peak Member may explain the higher rates of sediment accumulation during this period (cf. Carroll and Bohacs, 1999) . Uplift of surrounding ranges and concurrent basin subsidence may have augmented erosion rates adjacent to the basin while simultaneously increasing accommodation space. Syndepositional relationships between lacustrine strata and faults along the northern (Steidtmann and Middleton, 1991; Pietras et al., 2003) , southern (Bradley, 1964; Roehler, 1993), and western (DeCelles, 1994) margins of the Greater Green River Basin indicate active Eocene uplift of basin-bounding structures. Furthermore, isopach trends (Sullivan, 1985; Beck et al., 1988; Roehler, 1993) indicate increased tectonically driven differential subsidence in the eastern Greater Green River Basin during middle Wilkins Peak deposition. The increase in sedimentaccumulation rate shown in Figure 7 may therefore coincide with a pulse of Laramide tectonism at ca. 50.5 Ma.
Our new ages support the notion that 1-3 m lake expansion-contraction cycles in the Laney Member may record precessional forcing (Surdam and Stanley, 1979; Rhodes et al., 2002) . However, age data indicate that individual lake expansion-contraction episodes recorded in the evaporative Wilkins Peak Member did not occur in response to 21 k.y. precessional forcing as proposed by Roehler (1993) . Roehler (1991 Roehler ( , 1993 documented 77 correlative lithologic cycles, each defined by a basal organic-rich calcimicrite (oil shale) bed, that represent episodes of lake expansion and contraction. On the basis of an estimated 1.6 m.y. duration for the Wilkins Peak, Roehler (1993) thus calculated an average period of 21,779 k.y. In contrast, our 40 Ar/
39
Ar ages give an average duration of the 69 oil shale cycles that occur between the Firehole and Sixth tuffs of 14.5 Ϯ 1.7 k.y. In addition, recent detailed outcrop and drill-core observations (Smith et al., 2001) indicate that Wilkins Peak expansion-contraction cycles are more numerous than indicated by Roehler (1993) . Our age data therefore exclude 19-23 k.y. precessional periods as the cause of these cycles.
Calibration and Correlation of the Eocene Paleontologic Record
Before we can discuss the broader implications of these new ages, they must be considered at intercalibration uncertainties (Table  2 ; ) and relative to a comparable global time scale. Use of the most recent geomagnetic polarity time scale (GPTS) Kent, 1992, 1995; Berggren et al., 1995) is inappropriate because it was constructed with radioisotopic calibration points that are not compatible with intercalibrated 40 Ar/ 39 Ar standard values , as noted by Obradovich and Hicks (1999) . We have addressed this problem by reevaluating the Eocene GPTS using calibration points calculated relative to the standard values of . This approach shifts the ages of the boundaries defining chrons 19-24 from ϩ0.36% to ϩ1.08% (Fig. 8, Table DR3 [see text footnote 1]). We anticipate that similar modification of the Kent (1992, 1995) time scale for the early Eocene and other time periods will further improve the global GPTS. It must be noted that the precision in the age of any individual chron boundary is limited by the intercalibration uncertainty, typically Ϯ0.2-0.5 m.y., of the calibration points used to interpolate it. In addition, the stratigraphic position of the calibration points and the spline-curve calculation used to interpolate between calibration points introduce additional uncertainty. For comparison with isotopic chronometers other than 40 Ar/ 39 Ar, the fully propagated uncertainties for early Eocene chron boundaries are approximately Ϯ1 m.y.
The Wasatchian/Bridgerian NALMA boundary is biostratigraphically assigned to the alluvial facies equivalent to the lower middle Wilkins Peak Member (Morris, 1954; McGrew and Roehler, 1960; Gazin, 1965; Krishtalka et al., 1987; Honey, 1988; Zonneveld et al., 2000) . If a position between the Firehole and Grey tuffs is assumed for the Wasatchian/Bridgerian boundary, its age can be interpolated on the basis of new 40 Ar/
39
Ar age determinations to be 50.55 Ϯ 0.43 Ma. Likewise, the age of the Gardnerbuttean/Blacksforkian NALMA substage boundary, located in alluvial strata equivalent to the upper fifth of the Wilkins Peak Member (Roehler, 1989; Zonneveld et al., 2000) , can be interpolated to be 49.83 Ϯ 0.39 Ma if a position between the Main and Sixth tuffs is assumed. Note that the current limiting factor on the precision of faunal boundary ages in the Greater Green River Basin is biostratigraphic, not radioisotopic in origin. Future biostratigraphy and correlation of alluvial strata to the Green River Formation therefore have the potential to further improve the age resolution of these boundaries.
Biostratigraphic correlation of radiosotopically and magnetostratigraphically defined Bighorn Basin sedimentary rocks to the Greater Green River Basin rocks extends the age model presented here by ϳ2 m.y. (Fig. 3) . The Lysitean/Lostcabinian (Wa6/Wa7) NALMA substage boundary in the Bighorn Basin, located near the top of the Willwood Formation, was 40 Ar/ 39 Ar dated by Wing et al. (1991) . Incremental heating of 100 mg of sanidine from an ash-fall bentonite bed yielded a plateau age of 53.09 Ϯ 0.34 Ma (Figs. 1 and 3) . Wing et al.'s (1991) age was also used in this study to recalibrate the GPTS based on its position at the base of chron 24n.1 (Fig. 8) within the magnetostratigraphy of Tauxe et al. (1994) and Clyde et al. (1994) . Further, the magnetostratigraphy of Tauxe et al. (1994) and Clyde et al. (1994) limits the Graybullian/Lysitean (Wa5/Wa6) NALMA substage boundary to the upper third of chron C24n.3, dated at ca. 53.5 Ma according to the revised GPTS ( Figs. 3 and 8 ; Table 3 ).
The age constraints for the Graybullian/ Lysitean (Wa5-Wa6) and Lysitean/Lostcabinian (Wa6-Wa7) substage boundaries, which coincide with the main body of the Wasatch Formation-Luman Tongue and the Luman Tongue-Niland Tongue lithostratigraphic transitions (Gazin, 1965; McGrew and Roehler, 1960; Holroyd and Smith, 2000; Anemone, 2001) , can also be applied to the Greater Green River Basin. Taken together with the 40 Ar/ 39 Ar ages presented here, deposition of the Green River Formation is shown to have been initiated with the Luman Tongue at ca. 53.5 Ma and to have continued for ϳ5 m.y. (Fig. 3) . Clyde et al. (1997) presented magnetostratigraphy of a section on the western edge of the Greater Green River Basin encompassing the main body of the Wasatch Formation, the Tipton and Wilkins Peak Members, the Cathedral Bluffs Tongue, and the Laney Member (Roehler, 1989) . Clyde et al. (2001) added 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING magnetostratigraphy from another section near the northeastern edge of the Greater Green River Basin encompassing the upper Cathedral Bluffs Tongue, the Laney Member, and the lower Bridger Formation. These sections document two normal-polarity zones within the main body of the Wasatch Formation and the Cathedral Bluffs Tongue (Fig. 3) , from which two alternative correlations to the GPTS of Cande and Kent (1995) were proposed: Correlations ''1'' and ''2'' of Clyde et al. (1997) assign the interval of reversed polarity located between the two normal-polarity zones to chron C23r and C22r, respectively. In either case, Green River Formation sedimentation is posited to have occurred for a maximum of ϳ3 m.y.
Magnetostratigraphy
The new age model presented here, however, suggests that neither correlation proposed by Clyde et al. (1997) is correct. Our age model shows that the Green River Formation spans ϳ5 m.y. from ca. 53.5 Ma to 48.5 Ma, encompassing both C23r and C22r (Fig. 3) . We suggest that the section studied by Clyde et al. (1997) did not record C23n within the Tipton Member, owing to weak natural remanent magnetic (NRM) intensities (Ͻ1 mA/M) and erratic demagnetization behavior. Similarly, Sheriff and Shive (1982) reported weak NRM intensities and inconsistent demagnetization in Wilkins Peak Member rocks. Thus, weak or overprinted magnetization may be responsible for the absence of a chron C23n recording in the Tipton Member.
Correlation of the Green River Formation Tuffs with Eocene Volcanism in Western North America
Crystal-bearing ash-fall deposits such as the one produced from the eruption of Mount St. Helens on May 18, 1980, can occur in measurable quantities more than 400 km downwind of an eruption (Sparks et al., 1997) . Possible sources of Green River Formation tuff beds lie within the Absaroka volcanic province, Challis Volcanic Group, and numerous smaller volcanic fields in Montana that range in age from 54 Ma to 47 Ma (Marvin et al., 1980; Isoplatov et al., 1996; Figs. 1 and 3) . The distribution of fallout from Plinian volcanic plumes is predominantly controlled by eruptive magnitude and the strength and direction of stratospheric winds (Schmincke and van den Bogaard, 1991; Sparks et al., 1997) . Paleotopographically calibrated early Eocene climate models (Sewall et al., 2000) show a generally southeast-directed 500 mbar wind field and are therefore permissive of any of the three just-mentioned volcanic regions as sources for Green River Formation tuffs in (Fig. 1) .
The nearest and therefore most likely sources of Green River Formation tuffs lie within the Absaroka volcanic province, which covers a 25,000 km 2 area of northwest Wyoming and southwest Montana 100-200 km northwest of the Greater Green River Basin (Smedes and Prostka, 1972; Sundell, 1993, Fig. 1 ). Recent mapping and 40 Ar/ 39 Ar dating of several intrusive and extrusive rocks document that the Absaroka volcanic province consists of a number of individual volcanic centers that were active between 54 and 43 Ma; younger eruptions occurred from volcanic centers in the southwestern part of the province Feeley et al., 1999; Hiza, 1999, Figs. 1 and 3) . Average modal compositions of plagioclase and sanidine phenocrysts from Absaroka volcanic province ash-flow tuffs range from An 28 to An 39 and from Or 64 to Or 77 (Hiza, 1999) , overlapping those observed in Green River Formation phenocrysts (Table 3) . However, correlation based on phenocryst chemistry to specific distal Green River Formation tuff beds is uncertain because of limited distal and proximal phenocryst data.
The Challis Volcanic Group of central Idaho and southwest Montana, 400-500 km west-northwest the Greater Green River Basin (Fig. 1) , may have also contributed distal ashfall deposits to the Greater Green River Basin during the early and middle Eocene. The depositional area of the Challis Volcanic Group is of comparable size to the Absaroka volcanic province; the Challis volcanoes exhibited explosive cauldron-forming eruptions between 49.5 Ma and 45.7 Ma ( Fig. 3 ; Snider and Moye, 1989; McGonigle and Dalrymple, 1996) and deposited extensive pyroclastic falls and flows into the Eocene basins of southwest Montana and east-central Idaho during the same period ( Fig. 3 ; Janecke and Snee, 1993; Palmer and Shawkey, 1997) . Current 40 Ar/ 39 Ar ages, however, limit possible correlations between dated Challis Volcanic Group eruptions and distal Greater Green River Basin tuff beds to the uppermost Green River Formation and overlying Bridger and Washakie Formations (Fig. 3) .
Correlation with the Global Oxygen Isotope Record
The Green River Formation was deposited between ca. 53.5 Ma and 48.5 Ma and therefore spans the entire early Eocene climatic optimum (EECO) defined by global marine O isotope records from benthic foraminifera (Figs. 3, 6, and 9; Shackleton, 1986; Zachos et al., 2001) . The EECO represents the most recent period of protracted greenhouse climate, characterized by elevated marine and terrestrial temperatures between ca. 54 and 49 Ma. In addition, the O isotope composition of early Eocene planktonic foraminifera indicate the lowest latitudinal oceanic temperature (Zachos et al., 1994) . This interpretation is consistent with terrestrial flora and fauna in the Green River region that suggest a frost-free high-latitude environment (Markwick, 1994; Greenwood and Wing, 1995) . Mean annual temperatures (MAT) in the Rocky Mountain region inferred from paleofloral data varied between 15 and 25 ЊC, and mean annual precipitation (MAP) ranged from 75 to 150 cm/ yr (Bradley, 1929; Axelrod, 1968; Wilf et al., 1998) . These values are supported by recent estimates from the Green River Formation and associated alluvial strata (Wilf, 2000) .
Counter to suggestions by Roehler (1993) and Matthews and Perlmutter (1994) that the Wilkins Peak phase of the Green River Formation reflects a maximum in continental temperature and aridity, our new 40 Ar/
39
Ar ages indicate that this most evaporative phase of lacustrine deposition in the Greater Green River Basin occurred during the latest half of the EECO, when deep-ocean temperatures were relatively constant or possibly cooling ( Fig. 9 ; Shackleton, 1986; Zachos et al., 2001) . Leaf-margin MAT and MAP estimations from the Greater Green River Basin mirror the long-term global marine trend, but these data are currently limited to the freshwater to saline Luman, Tipton, and Laney phases of Lake Gosiute and do not sample the hypersaline Wilkins Peak phase ( Fig. 9 ; Wilf, 2000) . Although the terrestrial and marine proxy records are based on limited data sets, there does not appear to be any striking shift in climate regionally or globally that might correspond to the abrupt increase in sedimentaccumulation rate and the shift to strongly evaporative conditions in Lake Gosiute during Wilkins Peak time. A novel alternative explanation for these changes was proposed by Pietras et al. (2003) , who suggested that renewed uplift of the Wind River Range may have helped to divert rivers away from the basin, thereby reducing runoff into the lake. Our preliminary conclusion is that regional tectonic processes may have been at least as important as global climate trends in controlling the deposition of these evaporative facies.
CONCLUSIONS
More than 200 laser-fusion 40 Ar/ 39 Ar experiments on sanidine and biotite crystals 40 Ar/ 39 Ar GEOCHRONOLOGY OF THE EOCENE GREEN RIVER FORMATION, WYOMING from seven tuff beds in the Green River Formation set limits on interpretations of the timing and duration of deposition of ϳ410 m of lacustrine mudstone, sandstone, and carbonate rocks. The Green River Formation thus represents an unparalleled archive of quantifiable information about how large lakes evolve. Specifically, we offer the following conclusions:
1. Laser-fusion 40 Ar / 2. Sediment-accumulation rates were highest (327 Ϯ 85 m/yr) during the most evaporative phase (Wilkins Peak Member) of Lake Gosiute and lowest (88 Ϯ 34 m/yr and 104 Ϯ 18 m/yr) during the deposition of less evaporative, organic-rich facies (Tipton and Laney Members). Accumulation rates are consistent with an annual origin for the Ͻ1-mmthick laminae in the Tipton and Laney Members. Increased accumulation rates during the Wilkins Peak Member may reflect increased uplift and corresponding basin subsidence from ca. 51 to 50 Ma.
3. In contrast to Clyde et al. (2001) , who assigned the Green River Formation to an ϳ3 m.y. interval between C23r and C22r on the basis of correlating magnetostratigraphy to the geomagnetic polarity time scale, 40 Ar/ 39 Ar ages indicate that it was deposited over a period of ϳ5 m.y. spanning magnetic chrons 24n through 21r. We suggest that Clyde et al.'s (1997 Clyde et al.'s ( , 2001 ) magnetostratigraphic sections do not record chron 23n within the Tipton Member. Accordingly, the major faunal turnover represented by the Bridgerian/Wasatchian boundary occurred after C23n at 50.55 Ϯ 0.43 Ma.
4. Tuff beds of the Green River Formation were most likely derived from the nearby Absaroka volcanic province, although provenance of some of the Green River Formation tuff beds in the Challis Volcanic Group or other Eocene volcanic fields remains a possibility.
5. The Green River Formation was deposited between ca. 53.5 Ma and 48.5 Ma and therefore spans the entire early Eocene climatic optimum (EECO) defined by global marine O isotope records. The most evaporative phase of the Green River Formation, i.e., the Wilkins Peak Member, coincides with the last half of this period of high global temperatures.
ACKNOWLEDGMENTS
We thank Jeff Pietras, Meredith Rhodes, Nick Delebo, and Rachel Smith for assistance in the field, and Monica Relle and Brian Jicha for their help in the Rare Gas Geochronology Laboratory. We also thank Anthony Koppers for guidance with his program ArArCALC, used to regress, calculate, and analyze the Ar data, and John Fournelle for sharing his expertise with the electron probe. We appreciate thoughtful reviews by D.R. Prothero and M. Villeneuve, and are gratful to associate editor P.R. Renne for helpful comments and suggestions. We are indebted to Steve Binney and Jim Darrough at Oregon State University Radiation Center for facilitating the irradiations. Supported by National Science Foundation grants EAR-9972851 (to Singer) and ATM-0081852 (to Singer and Carroll) 
